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SUMMARY

In order to evaluate the distribution function of the molar mass of Polyamide
6, size-exclusion chromatography on porous silica in hexafluoroisopropanol with
added sodium trifluoroacetate was investigated. The experimental set-up consisted
of a slightly modified liquid chromatographic system, equipped with a highly sensitive
refractive-index detector, a laser low-angle light-scattering photometer, a program-
mable autosampler, and a computing integrator.

This equipment is capable of delivering such important data of the system
studies as: the specific refractive index increment at the wavelength of the incident
beam of the photometer, the second virial coefficient, 4,, of the polymer solvent
system, and the distribution function of the polymer with average (M), (M,>, and
{M,> of the molar masses. The influence of sodium trifluoroacetate concentration
on the chromatographic behaviour is discussed.

INTRODUCTION

Owing to their solubility and solution behaviour the polyamides cannot be
chromatographically analysed as easily as, e.g., polystyrene. The usual solvents an-
d/or temperatures are unsuitable and degradation of the polymer chains may occur!.
Polyelectrolyte effects?:3 may also occur and lead to misinterpretation of the chro-
matograms.

An alternative method is derivatisation of the polyamide. This was carried out
by Jacobi et al*, who prepared the N-trifluoroacetylated polyamide. Ordinary sol-
vents, such as dichloromethane, chloroform, tetrahydrofuran, dioxane, acetone and
N,N-dimethylformamide are then applicable. Nevertheless, the product had under-
gone chemical reactions, and the chromatographically analysed sample was not the
original one. Jacobi et al. did not find any disadvantages in this procedure, but, we
observed insoluble residues and incomplete reactions.

Drott® found hexafluoroisopropanol (HFIP) to be a suitable solvent at room
temperature, but it had the disadvantages that the polymer in solution shows poly-
electrolyte effects?-3 and that the solvent is expensive. The first shortcoming can be
avoided by addition of sodium trifluoroacetate (NaTFA), the second by recycling
the solvent.
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The introduction of laser low-angle light-scattering (LLALS) devices® as de-
tectors”-8 in polymer liquid chromatography gave rise to much more sophisticated
interpretation of the chromatographic elution curves than the refractive index (RI)
or UV detector alone. Calibration with narrow-distribution standards are no longer
necessary if the dependence of the specific RI increment and second virial coefficient
on molar mass is known?®-°.

THEORY

In polymer characterisation, number average, weight average, and z-average
of the molar mass play important roles!®.
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where w; = mass of species / and M; = molar mass of species /.
Usually, the averages 1-3 are not informative enough for the characterisation
of a distribution. The distribution function itself reveals much more information
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where J,(M) is the cumulative (integral) molar mass distribution function. The dis-
tribution function shows the ratio of mass between M and M + dM.

By combining size-exclusion chromatography for separation, light-scatiering
photometry at low scattering angles for measurement of Rayleigh ratio ARy, and
RI detection for determination of the corresponding concentration ¢; with adequate
data processing, it is possible to evaluate the distribution function, together with the
averages 1-3, quickly and easily without calibration in an absolute procedure.

The differences in elution volume, 4V, which 4R,,; and ¢; are so narrow that
for these values M; = M, = M, is valid. Thus, the relationship between the molar
mass M; at a distinct time of the chromatogram or with a definite elution volume V7,
and the Rayleigh ratio is given by®

M= (5)




HPSEC OF POLYAMIDE 6 581

The symbols used have the following meaning:

ARy ; is the difference of the Rayleigh ratios between sample and pure solvent
at scattering angle 6, corresponding to the concentration ¢;. The Rayleigh ratio is
defined as the quotient of intensity of scattered light to that of the light at 8 = 0.

M; is the molar mass at the elution volume V.;;, corresponding to ARy ; and
Ci.

¢; 1s the mass concentration at elution volume V., ;.

2,2 2
- <d”> (1+ cos?6).
A4NL de
n is the refractive index at the incident wavelength.
A is the wavelength of the incident beam.
N is Avogadro’s constant.

dn . oo . L
— is the specific refractive index increment at incident wavelength.
¢

6 is the scattering angle.

The scattering angle, 8, is so small (6° to 7°) that no extrapolation 8 = 0 is
necessary. The Rayleigh ratio is calculated from the attenuated intensities of the
scattered light, 4G, ;, at the angle 6 and from the corresponding value Gy of the
unscattered beam by means of the operating parameters D,¢’, and /" of the pho-
tometer and via eqn. 6

AGy; D
ARG,,’ = s (6)
GO O_ll’
where AGQ,{ = Go,i - GG,O (7)

and Gy is the attenuated scattering intensity of the pure solvent; ¢; is calculated
from the RI. Both chromatographic elution curves, which are due to the signals of
LLALS and RI, are digitalised and data-processed.

As the LLALS response is very sensitive to particles larger than the polymer
molecules (M; scattering) spikes may occur during chromatographic analysis which
have to be cut from the elution curve before calculation of the distribution to avoid
errors. After the spikes are cancelled, the second virial coefficient A4, is calculated by
using eqn. 5 and measuring AR, ; and ¢; 4t the same elution volume, V., ;, at several
concentrations. The evaluated 4,(M,) is then used to estimate the corresponding M;
from eqn. 5. When this procedure is carried out at different elution volumes, it yields
the dependence of A4, on the molar mass of the polymer. The parameters of the
function may be found by fitting the calculated values to the general estimate!®

Ay = k- M:* (8)
k, a being constant factors.
EXPERIMENTAL

The experimental set-up is shown in Fig. 1. The three-port valve enables quick
measurement of the specific RI increment drjdc of the system with a highly sensitive
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Fig. 1. Experimental set-up.

RI detector, based on the interferometric principle. The dependence on molar mass
can be calculated by using polymer samples with narrow distribution of molar
masses. If the dependence of du/de on molar mass is negligible, the average value can
be used.

The equipment used consisted of: a, Waters 6000A pump; a Waters program-
mable automatic injection system WISP; Knauer columns: LiChrosphere Si-100,
Si-500, and Si-1000; exclusion range ~ 103 to 2 - 10% gmol ~!; Chromatix KMX-6
A = 632 nm LLALS photometer; Optilab Multiref 90B interference refractometer
2 = 632 nm. Chromatographic parameters: T, 25°C; flow-rate, 0.5 ml min ~!; pres-
sure drop, 1500 p.s.i.; injected volume, 0.1 mi; injected concentrations 0.2 - 10~ 2 to
1072 gml™ 1.

Solvents were degassed by ultrasonic treatment. The solvent system consisted
of freshly distilled HFIP (Merck, Darmstadt, purity greater than 99%) containing
different amounts of NaTFA to suppress polyelectrolyte effects3->~11. NaTFA was
prepared in the following manner: trifluoroacetic acid anhydride was hydrolysed to
the corresponding acid, which was subsequently exactly neutralised with Na,CO;
and evaporated.

The samples were prepared as follows: NaTFA was dissolved in HFIP in the
appropriate concentration under strict exclusion of humidity and under N, protec-
tion; the necessary amount of dry Polyamide 6 (PA-6) was added and the solution
was allowed to equilibrate overnight with slight stirring. No change of solution com-
position was observed for weeks under these conditions.

The programmable injection system greatly facilitates recording several con-
centration-dependent chromatograms. The scheme of data acquisition is shown in
Fig. 2. The detector outputs were processed by a Spectra-Physics SP-4200 computing
integrator.
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Fig. 2. Diagram of the data processing line.

RESULTS

Fig. 3 shows the effect of NaTFA on chromatographic behaviour. Down to
a concentration of 0.0005 M NaTFA in HFIP polyelectrolyte effects of polyamide
and adsorption effects are suppressed, as can be deduced from the absence of addi-
tional peaks in the chromatogram, especially from the light-scattering data. Sepa-
ration must take place within the dead-volume of the column, otherwise the as-
sumptions are not valid for correct calculation. In Fig. 4 the calculated differential
distribution function of the molar mass is plotted. The averages 1-3 are marked. The
second virial coeffiicient is found to be zero if polyelectrolyte effects are suppressed,
as may be expected from theory? drn/dci-632 nm Was determined by using the chro-
matographic system via the bypass.

(dn/de)z= 632 nm (HFIP/5 - 107% M NaTFA) = 0.2375 + 0.025 ml g~
n255Com = 1.2754 £ 0.0002

Fig. 5 documents the effect of spike-smoothing. Solvents without additional salt show
a much better, i.e. spike-free chromatogram. The materials producing the spikes in
the light-scattering experiment with salt-containing solutes may be produced in the
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Fig. 3. Two chromatograms of the same PA-6 at two different compositions. (a) Pure HFIP as solvent;
(b) HFIP containing 0.0005 M NaTFA. The polyelectrolyte effect is suppressed. The low-molecular peaks
due to the RI signal have no corresponding R. They can therefore be disregarded when calculating the
distribution,

chromatographic tubes as may be deduced from deposits occasionally observed on
cuvette surfaces. Fig. 5 clearly shows that there is no falsification of signals, either
due to digitisation or to our smoothing programme.

DISCUSSION

As shown in Fig. 3, the polyelectrolyte effect?:5:1* of PA-6 in HFIP containing
a minimum 0.0005 M NaTFA is suppressed and no adsorption on LiChrosphere
Si-columns is observed, as has been reported for benzyl alcohol as high-temperature
solvent!. Without NaTFA, formation of hydrogen bonds is favoured. These bonds
may be formed with neighbouring PA-6 chains to form aggregates or they may be
effective in adsorption processes.
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Fig. 4. Differential molar mass distribution of a PA-6 sample with totally suppressed polyelectrolyte effect.
If polyelectrolyte effects occur, odd distribution functions occur due to imperfect separation.

LLALS gives detailed information about the behaviour of the polymer. This
detector shows some advantages in the analysis of systems where narrowly distributed
standards are rare, and polystyrene is not suitable as a reference material. Moreover,
the detector gives much more information about the chromatographic separation
process, as it is directly sensitive to the size of the scattering molecule and, thus, M,.
If the material is retained by an adsorption mechanism and so takes a larger elution
volume than dead-volume, this will clearly be visible with LLALS. The RI or UV
detector only reports the concentration of whatever flows through it. Now polymeric
material can clearly be distinguished from solvent impurities or density inhomogen-
ities due to injection of the sample by monitoring the light-scattering signal. As the
calculation of M; by LLALS is an absolute method, generally no standards are need-
ed, and the distribution function may be calculated on-line. The resulting shape of
the distribution also gives hints concerning the chromatographic process.

The calculated distribution function of the analysed PA-6 (Fig. 3) shows a
material of common quality with the expected value of ca. 2 for (M,,>/{M,>, as it
should in the Schulz-Flory distribution'-12.13,

The average viscosity molar mass (M, is in the region calculated from vis-
cosity measurements in different solvents. (M,> agrees well with the end-group ti-
tration of NH, with HCl.

In the experimental set-up, emphasis must be placed on the need for a proper
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Fig. 5. Effect of data processing on outer shape of elution curves. (a) Analog output of a conventional
recorder. The light-scattering signal is superposed by scveral spikes. (b) Same elution curve after
analog -digital processing. (¢) Same elution curve afier cancelling of spikes.

evaluation of the different delay times of the sequential detectors. Their signals must
be exactly synchronised. Other causes of error are the baseline correction and the
determination of integration limits. In many cases we have found that the limit of
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0.2% deviation from baseline (peak maximum being 100% deviation) of the LLALS
is sufficient for integration limits. Miscalculation does not lead to a wrong value for
{M,> but to wrong values for {(M,» and {M).

CONCLUSION

HFIP is suitable as a mobile phase in liquid size-exclusion chromatography
of PA-6 on unmodified silica columns, if a minimum concentration of 0.0005 M
NaTFA is used. Strict exclusion of water is necessary to avoid the formation of
corrosive products. An appropriate cancelling of spikes in the LLALS signal can be
achieved by water exclusion, filtration, and sophisticated data processing.
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